In this paper we analyze Yukawa unification in a three family SO(10) SUSY GUT. We perform a global χ 2 analysis and show that SUSY effects do not decouple even though the universal scalar mass parameter at the GUT scale, m 16 , is found to lie between 15 and 30 TeV with the best fit given for m 16 ≈ 25 TeV. Note, SUSY effects don't decouple since stops and bottoms have mass of order 5 TeV, due to RG running from M GU T . The model has many testable predictions. Gauginos are the lightest sparticles and the light Higgs boson is very much Standard Model-like. The model is consistent with flavor and CP observables with the BR(µ → eγ) close to the experimental upper bound. With such a large value of m 16 we clearly cannot be considered "natural" SUSY nor are we "Split" SUSY. We are thus in the region in between or "SUSY on the Edge." 1 arXiv:1505.00264v3 [hep-ph]
Introduction
Gauge and Yukawa unified SO(10) supersymmetric grand unified theories (SUSY GUTs) [1] [2] [3] [4] [5] are a class of highly constrained models. By performing a global fit to low energy data, such as fermion masses and mixing angles and flavor observables, SO(10) SUSY GUT models can provide experimental constraints on sparticle masses accessible at the LHC energy scale. The specific SO(10) SUSY GUT model that we study in this paper has a D 3 ×[U(1)×Z 3 ×Z 3 ] family symmetry [6, 7] . This model includes three families of quarks and leptons and has been shown to provide good fits to low energy precision electroweak observables, including fermion masses and mixing angles [8] [9] [10] [11] [12] .
In this paper we extend the analysis of previous papers by including additional low energy flavor observables. We also identify which observables are better fit by incorporating the SUSY effects. We then discuss the many experimental tests of this model. Finally we evaluate the amount of fine-tuning in this scenario. As might be expected the amount of fine-tuning is enormous. However, we show that introducing certain boundary conditions at the GUT scale has the effect of dramatically reducing the amount of fine-tuning. The origin of such boundary conditions in this theoretical sweet spot is not known, although we discuss some possible sources in an Appendix.
The paper is organized as follows. In Section 2, we present an overview of the SO(10) model and maton 1 , the program that runs all the parameters and calculates most of the observables. In Section 3, we present the results of a global χ 2 analysis for both the universal and "mirage mediated" gaugino mass boundary conditions. We show that χ 2 is minimized for values of the universal scalar mass, m 16 of order 25 TeV, for both universal gaugino masses at the GUT scale or "mirage mediation" with non-universal gaugino masses, respectively (see Figs. 1 and 3 ). The χ 2 function now includes the CP-even angular observables of B 0 → K * µ + µ − measured by LHCb. Some of these observables are in slight tension with the standard model (SM) prediction [13, 14] . In particular, the observable P 5 integrated over the dimuon invariant mass squared, 1 ≤ q 2 ≤ 6 GeV 2 , has a 2.5σ discrepancy from the SM prediction. In addition, the angular observable P 4 integrated over 14.18 ≤ q 2 ≤ 16 GeV 2 also has a 2.7σ tension with the SM prediction. We also compare our fits to inclusive vs. exclusive measurements of the CKM elements V ub and V cb . The first two families of squarks and sleptons have mass of order m 16 and thus they decouple from low energy physics. However, the third family scalars are significantly lighter, with mass between 4 and 10 TeV. This is a consequence of a natural inverted scalar mass hierarchy [15] . Hence they do not decouple and thus contribute to lowering χ 2 . In Section 3.2 we discuss the observables which are better fit by including SUSY loops. We then discuss bounds on the gluino mass in Section 3.3 and further predictions in Section 3.4.
Since our scalar masses are heavy there is, in general, considerable fine-tuning of order 1 part in 10 5 . In Section 4, we present the results of a fine tuning analysis of the model and demonstrate that given particular ratios of soft breaking parameters at the GUT scale the amount of fine tuning is minimized to roughly 1 part in 500 (perhaps these boundaries conditions can be obtained in a fundamental SUSY breaking model). Possible origins for the necessary boundary conditions are discussed in the Appendix.
Finally, we note that our soft breaking parameter m 16 lies in the range between 15 and 30 TeV. Hence the gravitino mass is expected to be large, perhaps large enough to avoid the cosmological gravitino problem [16] . The moduli may also be suitably heavy to avoid a cosmological moduli problem [17] [18] [19] [20] . At the same time we see that SUSY effects have not decoupled from low energy flavor observables, thus our soft SUSY breaking parameters lie on the edge between Split and natural SUSY. We denote this region of parameter space as SUSY on the Edge. Gauginos are expected to be visible at the LHC with gluinos decaying predominantly into third generation quarks with special decay signatures. While the light Higgs discovered by CMS and ATLAS is expected to be very much Standard Model-like. We also present predictions for additional flavor and CP violating observables, see Table 4 . In Section 5 we conclude and discuss phenomenological tests of our model.
Model and Procedure
The details of our SO(10) SUSY GUT model is presented in [9] . The GUT scale boundary conditions that we use are universal squark and slepton masses, m 16 , universal trilinear couplings, A 0 , and non-universal Higgs masses, m Hu and m H d . As for the boundary condition for the gaugino masses, we consider two different cases. One with universal gaugino masses, M 1/2 , and another with mirage mediated gaugino masses. The mirage mediated gaugino masses are defined as [10] 
where M 1/2 and α are free parameters and b i = (33/5, 1, −3) for i = 1, 2, 3 are the appropriate β-function coefficients. Mirage boundary condition is interesting because α = 1.5 is the optimal scenario for a well-tempered dark matter [21] . On the other hand, it has been shown that the LSP of universal boundary condition is predominantly Bino-like [11] , which leads to an over-closed universe. However, this problem can be solved by introducing axions with mass lighter than the LSP into the model. Hence, in this paper, we study the cases where the universal boundary condition, α = 0, and mirage boundary condition with α = 1.5.
On the other hand, the charged-fermion sector of our model has 12 parameters -11 Yukawa parameters and tan β. In comparison, the SM has 13 free parameters. Hence, our model has 1 prediction in the charged fermion sector. Including the neutrino sector, our model has 3 additional free parameters to fit 6 observables -2 ∆m 2 s, 3 real mixing angles and one CP violating phase. Hence, our model has 4 predictions in the fermion sector.
To summarize, all the free parameters of our model are listed in Table 1 . With universal gaugino masses boundary condition, our model has 24 free parameters while with mirage mediated gaugino mass boundary conditions the number of free parameters increases to 25.
The detailed procedure of our calculation is presented in [9] . In addition, we want to emphasize that after integrating out the right-handed neutrinos, we use the two-loop Minimal Supersymmetric Standard Model (MSSM) renormalization group equation (RGE) to run down to the weak scale. At the weak scale, we include the one-loop threshold corrections for the Yukawa and the gauge couplings, which was calculated by Pierce et. al. [22] . The Scale) tan β, µ 2 tan β, µ 2 Total 24 25 Table 1 : Our model has 24 free parameters for universal gaugino masses boundary conditions. For mirage mediated gaugino masses boundary condition, there is an additional input parameter, α, which determines the amount of splitting of the gaugino masses at GUT scale.
gluino mass, Mg, and CP odd Higgs mass, M A , are pole masses. However, we do not include one-loop threshold corrections for the other scalar masses. Instead, we estimated that these corrections are about 10%. Hence, the GUT Scale parameters of our model have an inherent 10% theoretical error. Adding the one-loop threshold correction for the soft scalar masses can be a future project. In addition to calculating the observables included in [9] , we included a low q 2 bin (1 ≤ q 2 ≤ 6 GeV 2 ) and a high q 2 bin (14.18 ≤ q 2 ≤ 16 GeV 2 ) for each of the following 4 CP-even B → K * µµ angular observables: F L , P 2 , P 4 , and P 5 . We did not include other CP-even observables because the theoretical uncertainty of those observables are much too big. Hence, they do not constrain our model. These angular observables are calculated by superiso version 3.4 [23] . Since superiso assumes that all soft parameters are real and only takes the diagonal entries of the trilinear couplings into account, we do not include CP-odd B → K * µµ angular observables in our analysis. Table 2 includes 45 observables that we include in our global χ 2 analysis. The program that calculates these observables and the theoretical errors that are assigned to each observable are also included in the table. The theoretical uncertainty for the B → K * µµ observables are taken from the superiso manual. However, since superiso does not take into account the imaginary part of the soft parameters, we assigned an additional 15% theoretical errors to the calculation.
To perform the global χ 2 analysis, we construct a χ 2 function are the experimentally measured values, and σ 2 i are the sum of the squares of the experimental and theoretical uncertainties, which are also listed in Table 2 . To find the minimum of this χ 2 function, we use the Minuit package maintained by CERN [24] . As in most minimization problems, obtaining the true global minimum is not guaranteed. To increase the likelihood of obtaining the true global minimum, we iterate the minimization process with random initial guesses for the free parameters.
To 
Analysis
Several benchmark points with the results of the global χ 2 analysis are given in Appendix A and a plot of χ 2 as a function of the parameter m 16 is given in Figure 1 or χ 2 contours in the two dimensional plane of Mg vs. m 16 is given in Figure 3 . Let us now discuss some features of the results. The results of these three analyses are shown in Figure 1 . We see that for both the universal boundary condition α = 0 and mirage boundary condition with α = 1.5, the χ 2 /d.o.f obtained by fitting to the inclusive values are the biggest. Hence, we predict that the exclusive values of |V ub | and |V cb | are the correct values for both universal and mirage gaugino masses.
Since the χ 2 difference between case (2) and case (3) is small and to be conservative, the analyses of the rest of the paper are done for case (3) , where |V ub | and |V cb | are the average of the inclusive and exclusive values.
SUSY Non-decoupled observables

B physics observables
Some of the measured angular observables of B → K * µ + µ − are in tension with the SM prediction. For example, P 4 in the high q 2 bin (14.18 ≤ q 2 ≤ 16 GeV 2 ) has a 2.7σ discrepancy with the SM prediction, P 5 in the low q 2 bin (1 ≤ q 2 ≤ 6 GeV 2 ) has a 2.5σ discrepancy with the SM prediction, and P 2 in the low q 2 bin has a 2σ discrepancy with the SM prediction [13, 14, 31] . These observables are defined in [32, 33] . In addition, previous analysis [31, 34] found that the tension in P 4 of the high q 2 bin cannot be explained by the MSSM. On the other hand, the tension of F L and P 5 of the low q 2 bin can be explained by the MSSM by having a negative contribution to the C 7 Wilson coefficient. In the standard model C 7 ≈ −0.32. The tension in F L and P 5 can be further reduced by making C 7 more negative [31, 35] . 
0.682 ± 0.019 
+0.00+0.00 −0.05−0.02 otherwise indicated. Column 4 shows the software package that gives us the theoretical prediction. M Z is fit precisely to impose electroweak symmetry breaking. To account for the inconsistencies in the inclusive and exclusive measurements of |V ub | and |V cb |, we perform the global χ 2 analysis using the inclusive and exclusive measurements separately. We also perform an additional analysis where the error bars of |V ub | and |V cb | cover both the inclusive and exclusive values. In additional to the theoretical errors indicated in superiso manual, we added an additional 15% error to each of the B → K * µ + µ − observables because superiso does not take into account the phases of soft terms. In the MSSM, chargino-stop loops and charged Higgs loop contribute to C 7 . The C 7 contribution from the charged Higgs is always negative. The charged Higgs of our model has mass around 2 TeV. So, the charged Higgs contribution to C 7 is non-negligible and is in the correct direction.
The chargino-stop loop contribution of C MSSM 7 has the following form [8]
Since sign(µA t ) is negative in our model, this term contributes to C 7 in the wrong direction. Hence, to reduce the contribution of this term, our model favors large scalar masses. From our global χ 2 analysis, we see that the calculated value of P 4 in the high q 2 bin does not depend on m 16 , which is expected. In addition, the value of P 4 calculated in our model is in agreement with the SM. Hence, our results are in agreement with previous analysis that 2 Note, the equation for the chargino contribution to C MSSM 7 given in Eqn. 21, Ref. [31] apparently has the wrong sign.
the tension in P 4 cannot be explained in the MSSM. As shown in Table 3 , the tension of F L and P 5 with the experimental values decreases as m 16 increases. This is again in agreement with our expectation as explained above.
SUSY corrections to the W mass
On the other hand, the correction for M W is given by [36] [37] [38] 
and the 1-loop squark contribution is given by
2 )]
where s W = sin θ W , c W = cos θ W , sq = sin θq, cq = cos θq, and
F 0 has properties of F 0 (x, x) = 0 and F 0 (x, 0) = x. Hence, we see that when the mass splitting of the squarks is large, the SUSY contribution to the 1-loop M W can be significant. This is in agreement with our analysis which shows that the pull from M W increases as the value of m 16 increases above 20 TeV. Hence, SUSY corrections to M W are significant and they can go in the right direction.
Light Higgs mass
Fitting to the Higgs mass also constrains the value of m 16 . The dominant one-loop contribution to the Higgs mass is given by
where X t = A t −µ/ tan β is the stop mixing parameter and M 2 SU SY = mt 1 mt 2 . In our model, X t < − √ 6 M SU SY and the ratio X t /M SU SY becomes less negative as m 16 increases. Hence, as m 16 increases, the Higgs mass also increases. The pull in χ 2 due to M h has a minimum around m 16 = 25 TeV.
Hence, the contributions of M W , M h , and b-physics observables to χ 2 , as listed in Table  3 , help explain the shape of χ 2 as a function of m 16 (see Figure 2) . Figure 2 . In addition to the observables contributing directly to a minimum of χ 2 at m 16 = 25 TeV, also included in this table is the calculated value of P 4 at high q 2 bin. This is to illustrate that the value of P 4 does not depend on the m 16 , which again agrees with previous analysis [31, 34] . Table 3 . Fitting to the values of M W , M h , and b-physics observables listed in Table 3 helps explain why χ 2 is minimized at m 16 ≈ 25 TeV.
Bounds on Mg
To obtain a better picture for the favored value of gluino mass, we plotted two contour plots of Mg vs. m 16 . One for the universal boundary condition α = 0 and another for the mirage boundary condition with α = 1.5. The current bound on Mg, for our model, is around 1. Figure. Hence, for mirage boundary conditions, we expect the 4σ bound on the gluino mass to be within reach in the next run of the LHC. As pointed out by [12] , the dominant decay mode of the gluino in the universal gaugino mass boundary condition is t bχ 
Additional predictions for some benchmark points.
The mass spectrum of the benchmark point of Mg ≈ 1.2 TeV and m 16 = 25 TeV is shown in Table 4 . From the χ 2 analysis, we see that the scalar masses are predicted to be around 5 TeV, while the first and second generation scalars have mass around m 16 ≈ 25 TeV. With scalars in this mass range, the stop in our model does not completely decouple and can have non-negligible effects on flavor physics. In addition, our light Higgs is SM-like with the heavy Higgs with mass around 2 TeV.
In Table 4 , we give the light sparticle masses, the CP violating angle for neutrino oscillations, δ, the branching ratio BR(µ → eγ) and the electric dipole moment of the electron for two different values of Mg and for α = 0and1.5. Note that, in general, the gauginos are the lightest sparticles. In addition, BR(µ → eγ) and the electric dipole moment of the electron are within reach of future experiments. [25] . In addition, our prediction of the electron electric dipole moment is consistent with the current upper bound of 10.5 × 10 −28 e cm [25] .
Results: Fine-Tuning
We studied the fine-tuning of our model using the fine-tuning measure introduced by Ellis et. al. [39] , and studied in detail by Barbieri and Giudice [40] ,
where a i s are input parameters of the model. This fine-tuning measure calculates the sensitivity of M Z due to a small variation of the input parameters defined at GUT scale. Electroweak symmetry is broken radiatively in our model. From radiative electroweak symmetry breaking, the CP-odd Higgs mass, m A , and the µ-term are calculated at one-loop [22] . This calculation requires the physical Z pole mass, M Z . Hence, in our model, M Z is fit precisely. To make sure that radiative electroweak symmetry breaking is consistent, m A and µ are calculated iteratively until they converge.
On the other hand, when we calculate fine-tuning using (9), we use the benchmark points. The benchmark points are the inputs that produce minimum χ 2 value for their respective value of m 16 and M 1/2 . Hence, at each benchmark point, radiative electroweak symmetry breaking is consistent. Thus, instead of fixing M Z and calculating m A and µ iteratively, we then use the value of m A and µ to calculate M Z . We then compare this value of M Z to the exact value to obtain the fine tuning parameter ∆ BG .
The input parameters that we vary are
The results of our calculations are summarized in Table 5 . These results can be understood by the running of GUT scale parameters that contribute to Z mass. For tan β = 10, M Z written in terms of GUT scale parameters is [41] [42] [43] [44] 
Although the above equation is derived for tan β = 10, to the lowest order approximation, we do not expect this result to change drastically when tan β increases to ≈ 50. The calculated fine tuning values shown in Table 5 Table 5 , we see that if there are no constraints on the input parameters (first five rows), then the fine-tuning is about 1 part in 10 5 . However, if the GUT scale parameters are constrained such that m H u,d /m 16 ≈ √ 2 and A 0 /m 16 ≈ −2, then the fine-tuning of our theory is reduced to about 1 part in 500. This suggests that, in a more fundamental natural theory, the ratio of m 16 with m H u,d and A 0 could be fixed naturally. In the context of the Bear et. al. argument that one should combine dependent terms into a single independent quantity before evaluating fine-tuning [41] , we claim that m 16 , m H u,d , and A 0 might be dependent quantities in a more fundamental theory. Hence, one should combine these quantities before calculating fine-tuning. We discuss one possible partial example in the Appendix. (9) is about 1 part in 500. This suggests that these ratios should be fixed in a more fundamental natural theory. In addition, fine-tuning increases as m 16 increases. Hence, in our model, small m 16 is favored by naturalness.
Conclusion: SUSY on the Edge
We have analyzed a three family SO(10) SUSY GUT with Yukawa unification for the third family. The model gives reasonable fits to fermion masses and mixing angles, as well as many other low energy observables; see Appendix A with some benchmark points of the global χ 2 analysis. A plot of χ 2 as a function of the parameter m 16 is given in Figure 1 or χ 2 contours in the two dimensional plane of Mg vs. m 16 is given in Figure 3 .
We performed an analysis with universal gaugino masses and with non-universal gaugino mass with splitting determined by "mirage mediation" boundary conditions described in Eqn. 1. The parameter α = 0 for universal gaugino masses and we also take α = 1.5 which is consistent with a well-tempered dark matter candidate [21] . In both cases the model favors m 16 ≈ 25 TeV. Nevertheless, due to RG running [15] , stops and sbottoms have mass of order 5 TeV, while the first two family scalar masses are of order m 16 . With m 16 lying in this mass range, stops in our model do not completely decouple from low energy flavor observables (see Section 3.2). Best fits are found with a gluino mass less than 2 TeV. Our gluinos decay predominantly into third generation quarks [12] . Moreover, in a previous analysis [12] we showed that the dominant LHC signature for gluinos in the model is given by b-Jets, leptons and missing E T . Note that, in general, the gauginos are the lightest sparticles. The CP odd Higgs mass is of order 2 TeV, thus the light Higg couplings are very much Standard Model-like. In Table 4 we present additional predictions. We give the predictions for the CP violating angle for neutrino oscillations, δ, the branching ratio BR(µ → eγ) and the electric dipole moment of the electron for two different values of Mg and for α = 0and1.5. In addition, BR(µ → eγ) and the electric dipole moment of the electron are within reach of future experiments. Thus this theory is eminently testable! We evaluated the amount of high scale fine-tuning of our model. In general we find finetuning of order 1 part in 10
5 . However we note that with particular boundary conditions at the GUT scale (when the ratio of m 16 to A 0 and m H u,d are fixed at A 0 /m 16 ≈ −2 and m H u,d /m 16 ≈ √ 2) the fine-tuning is reduced to 1 part in 500. We do not have a fundamental theory that gives these two ratios naturally, Nevertheless, in such a fundamental theory the amount of fine-tuning is reduced considerably.
Finally, with the large value of m 16 ∼ 25 TeV we expect the gravitino mass to be at least this large. Perhaps it is large enough to avoid a cosmological gravitino problem [16] . In addition, moduli may also be suitably heavy to avoid a cosmological moduli problem [17] [18] [19] [20] . Hence the scalar masses are clearly in an intermediate range, i.e. too heavy to be "natural" and lighter than "Split SUSY." We thus are positioned on the border between these two limiting cases, i.e. this is "SUSY on the Edge."
A Benchmark Points 
B Natural SUSY Breaking
Consider Heterotic orbifold models with dilaton/moduli SUSY breaking as discussed in [45] . Following Eqn. (60, 61) in this paper we have the scalar masses for sparticle α, the trilinear couplings and the gaugino masses are given by 
M a = √ 3m 3/2 sin θe −iγs ,
where
V 0 is the tree-level cosmological constant that we will set to be zero, i.e. C = 1 and θ determines the amount of SUSY breaking of the dilaton sector versus the moduli sector. cos θ = 0 means all the SUSY breaking is due to the dilaton. n α are the modular weights of matter fields and Θ gives the probability for the SUSY breaking contribution of each modulus, such that
We then let θ = 0 such that at tree level gauginos are massless. They would then obtain one loop suppressed masses due to moduli SUSY breaking. We also assume that the Yukawa couplings, Y αβγ are independent of the moduli. As a particular example, consider a Z 2 ⊗ Z 6 orbifold with twist vectors given by (1/2, 1/2, 0), (1/6, 2/3, 1/6) in the three two torii [46] . There are three Kahler moduli in this example. Then we have 
where we assumed that Θ 2 = 0. We now assume that the Higgs 10-plet comes from the bulk on the second two torus. Thus n 
